I mmunotherapies such as anti-programmed cell death-1 (PD-1)/ligand-1 and anti-CTLA-4 have shown significant clinical efficacy in some patients with certain cancers, including those with metastatic disease (1) (2) (3) . However, these therapies are most often successful in the subset of patients who have an ongoing immune response against the tumor and are less effective against tumors that lack baseline T cell infiltration (4) . Patients with poorly infiltrated tumors have a much lower prognosis, even for classically immunogenic cancers such as melanoma (5) . Pancreatic ductal adenocarcinoma (PDA) is a canonical example of a poorly immunogenic tumor because it largely lacks strong neo-epitopes (6) (7) (8) and T cell infiltration, correlating with a dismal 5-y survival rate of ,5%. Gemcitabine (Gem) is part of a standard of care for patients with PDA but serves to extend overall survival by only a few weeks to months (9) . Patients with PDA are resistant to CTLA-4 or PD-1 Ab therapy (1, 10, 11) . Thus, improved treatments that are effective in tumors that lack endogenous T cell infiltration are needed in the clinic.
Agonistic CD40 mAb functions analogous to CD40-ligand in vivo, activating and maturing APCs (12) (13) (14) . In some highly immunogenic mouse models of cancers, anti-CD40 therapy results in T cell-mediated tumor regressions (15) , but in other models of solid tumors, anti-CD40 alone is not sufficient to mediate antitumor T cell responses (16, 17) . Indeed, using the genetically engineered Kras LSL-G12D/+ ,Trp53 LSL-R172H/+ , Pdx1-Cre (KPC) mouse model of PDA, in which oncogenic Kras G12D and mutant p53 R172H are under the control of Cre recombinase specifically expressed in the pancreas (18) , we have shown that anti-CD40 alone fails to prime T cell responses against PDA (16) . KPC mice faithfully recapitulate key features of human disease, including a dearth of nonsynonymous mutations [similar to other Kras-induced mouse models of cancer (19) ] and minimal effector T cell infiltration (20) . The lack of T cells in PDA tumors correlates with resistance to current immunotherapies, including anti-PD-1 and anti-CTLA-4 in mice (21) , as is also observed in patients with PDA (1) . However, agonistic anti-CD40 activates dendritic cells and is capable of driving T cell infiltration and T cell-dependent regression of established tumors when administered 48 h after treatment with Gem (17, 22) , and it is sufficient to render PDA susceptible to anti-PD-1/anti-CTLA-4 treatment (21) . Gem is hypothesized to augment anti-CD40 therapy by killing tumor cells and liberating tumor Ags that are then picked up and presented by APCs (17) . Thus, anti-CD40 is an immunotherapy capable of converting tumors devoid of T cells (and refractory to anti-PD-1/anti-CTLA-4) to a tumor that is sensitive to T cell-mediated destruction, potentially filling a void in the clinical toolbox for treating patients with cancer.
In addition to the ability of anti-CD40 to activate APCs and prime T cell responses, we have shown that anti-CD40 stimulation alters tumor stroma and activates macrophages to become tumoricidal (16) . Therefore, anti-CD40 plays dual roles, both activating APCs to destroy tumor stroma and driving antitumor T cell responses. To develop an optimal adaptive T cell response, the hypothesis has been that Gem must precede anti-CD40, but given the stroma degradation observed with anti-CD40 alone, another option would be to deliver chemotherapy after anti-CD40 to potentially deliver more chemotherapy to the tumor microenvironment, which is otherwise difficult to penetrate pharmacologically (23) . If this is possible, the sequence of anti-CD40 administration relative to chemotherapy may be relevant for improved treatment design.
In this study, we investigate the efficacy of anti-CD40 treatment when provided 48 h before, instead of after, standard-of-care chemotherapy for PDA. Although anti-CD40 treatment alone or after Gem therapy resulted in reduction of tumor growth as expected (16, 22) , we found that pretreatment with anti-CD40 followed by Gem was lethal in half of all treated mice, regardless of whether mice were tumor bearing. Although anti-CD40 therapy recruited large numbers of myeloid cells into the liver, blockade of the inflammatory macrophage population via the administration of anti-CSF-1/1R Abs abrogated the toxicity associated with anti-CD40 pretreatment. Because anti-CD40 is being actively investigated in the clinical setting in combination with a number of treatments, including chemotherapy, these studies have implications for the design of clinical trials using anti-CD40.
Materials and Methods

Mice, tumor cell lines, and in vivo growth
The mouse pancreatic cancer cell line 4662 (CD40 2 ) was generated from a C57BL/6 KPC mouse (18) as previously described (24) . The genetic background of the C57BL/6 KPC mice was confirmed using the DartMouse Speed Congenic Core Facility at the Geisel School of Medicine at Dartmouth College (Hanover, NH). DartMouse uses the Illumina (San Diego, CA) GoldenGate Genotyping Assay to interrogate 1449 SNPs spread throughout the genome. The raw SNP data were analyzed using DartMouse's SNaP-Map and Map-Synth software, allowing the determination for each mouse of the genetic background at each SNP location. Wild-type C57BL/6 were purchased from Jackson Laboratory (Bar Harbor, ME). Animal protocols were reviewed and approved by the Institute of Animal Care and Use Committee at the University of Pennsylvania. PDA cells were used in experiments after three to five passages in vitro; C57BL/6 mice received 2.5 3 10 5 PDA cells s.c. only if viability was .94%. Cell lines were tested by using the Infectious Microbe PCR Amplification Test (IMPACT) and authenticated by the Research Animal Diagnostic Laboratory (RADIL) at the University of Missouri. Tumors were measured thrice weekly by calipers, and the volume was calculated by (L 3 W 2 )/2, where L is the longest diameter and W is the perpendicular diameter. Mice were euthanized when tumor volume reached 1000 m 3 .
Drug preparation
Gem (Hospira, Lake Forest, IL) pharmaceutical grade suspension at 38 mg/ml 29-deoxy-29,29-difluorocytidine was purchased through the Hospital of the University of Pennsylvania Pharmacy. Gem was diluted to 12 mg/ml in PBS and administered at 120 mg/kg via i.p. injection as we have previously reported (16) . Nab-paclitaxel (nP; Abraxane, Celgene, Summit, NJ) pharmaceutical-grade powder was purchased through the Hospital of the University of Pennsylvania Pharmacy and resuspended at 12mg/ml in PBS. Mice received 120 mg/kg nP i.p. as previously reported (25) .
mAbs
Mice received 100 or 300 mg agonist CD40 rat anti-mouse IgG2a mAb (clone FGK45), or the isotype control IgG2a mAb (clone 2A3) as previously reported (16) on day 0 (tumor-free mice), or specified day after 4662 injection. Indicated mice received 1 mg anti-CSF-1R mAb (clone AFS98) i.p. on day 6 after 4662 injection, and 0.5 mg every 3 d afterward. Some mice also received 1 mg anti-CSF-1 (clone 5A1) i.p. starting on day 6 and repeated every 3 d (26). All mAbs were purchased from BioXCell (Lebanon, NH) and were endotoxin-free.
Preparation of livers, spleen, and lungs for flow cytometry
Livers, spleen, and lungs were harvested from mice on the indicated day. Livers and lungs were minced and then incubated for 1 h in 1 mg/ml collagenase IV in DMEM at 37˚C, with the addition of 50 U/ml DNAse (Roche) for lung tissues. Livers, spleen, and lungs were then mechanically dissociated and passed through a 70-mM cell strainer, incubated in ACK lysis buffer (BioWhittaker, Allendale, NJ), and used for flow cytometric analysis.
Flow cytometry
Cell surface molecules were analyzed by incubating single-cell suspensions of tissues with primary fluorochrome-labeled Abs at 4˚C for 30 min in PBS with 0.5% BSA and 2 mM EDTA. Abs used in flow analysis were ordered from BD Biosciences (Sparks, MD), eBioscience (San Diego, CA) or Biolegend (San Diego, CA), and included FITC-labeled CD40 (clone HM40-3), CD45 (PE, PerCP, Alexa-Fluor 700, and QDot 605, clone 30-F11), CD115 (CSF-1R, PE, clone AFS98), CD31 (Brilliant Violet 450, clone 390), PerCPlabeled BD Viaprobe, CD11b (PerCP Cy5.5 and allophycocyanin, clone M1/70), F4/80 (PerCP, allophycocyanin Cy7, and PE Cy7, clone BM8), Gr-1 (allophycocyanin Cy7, clone RB6-8C5), CD11c (Brilliant Violet V450 or allophycocyanin, clone N418), Ly6G (allophycocyanin Cy7, clone 1A8), Ly6C (Brilliant Violet 570, clone HK1.4), and Live/Dead Aqua (Life Technologies, Carlsbad, CA). Flow cytometric analysis was performed on a FACSCanto (BD Biosciences, Sparks, MD). Collected data were analyzed using FlowJo software (Tree Star, Ashland, OR).
Immunohistochemistry
Livers, spleen, and lungs were harvested from mice 2-4 d after receiving anti-CD40 injection as indicated, and snap frozen in OCT or fixed in zinc formalin and paraffin embedded. Tissue sections were cut at 5 mm, stained with H&E, and quantified by counting all lesions visible per liver lobe at 43 magnification. Images were taken using a Nikon DS-Fi2 digital camera at 43 and 203 magnification on a Nikon Eclipse 50i and assessed at the Comparative Pathology Core at the University of Pennsylvania School of Veterinary Medicine.
Aspartate aminotransferase and alanine aminotransferase analysis
Whole blood was collected from mice sacrificed 12 h after anti-CD40 injection, and samples were tested for aspartate aminotransferase (AST) and alanine aminotransferase (ALT) by the Clinical Pathology Lab at the Ryan Veterinary Hospital at the University of Pennsylvania.
Statistical analyses
Significance of overall survival was determined using Kaplan-Meier survival curve with log-rank analysis. All other comparisons were performed using one-or two-way ANOVA with Tukey's honest significant difference (HSD) posttest or Mann-Whitney t test, as indicated. All statistical analyses were performed with GraphPad Prism 6 (GraphPad, La Jolla, CA). SD or SEM are as indicated by error bars. A p value ,0.05 was considered statistically significant; *p , 0.05, **p , 0.01, ***p , 0.001, ****p , 0.0001.
Results
CD40 agonist Ab is lethal when administered before chemotherapy
We harvested a spontaneous PDA tumor from a C57BL/6 KPC mouse and generated a cell line (4662) that upon implantation shares features with spontaneous PDA tumors, including desmoplastic stroma, extracellular matrix deposition, mutant Kras expression, and loss of p53 (24) . The 4662 PDA cell line grew progressively when 2.5 3 10 5 cells were implanted s.c. in C57BL/6 syngeneic hosts and reached a diameter of 3-5 mm by 12 d after implantation. Treatment of mice bearing established 4662 tumors with Gem on day 12, followed by agonistic CD40 Ab on day 14 (Gem/ anti-CD40), significantly reduced tumor growth rates compared with mice receiving PBS and isotype control ( Fig. 1A ). Tumor growth rates were also significantly reduced in mice that received the treatment regimen in reverse (anti-CD40 on day 12, followed by Gem on day 14; anti-CD40/Gem) ( Fig. 1A) ; however, 4 of 10 mice treated with anti-CD40 followed by Gem died within 5 d of starting therapy (Fig. 1B) . In comparison, 0 of 10 mice died with Gem/anti-CD40 treatment or vehicle control treatment (Fig. 1B) . A similar reduction in tumor growth was observed with anti-CD40 alone (Fig. 1C ), as we have previously reported (16) , but there was no lethal toxicity with anti-CD40 alone, Gem alone, or Gem followed by CD40 ( Fig. 1D ). After treatment with either anti-CD40 or Gem alone, 0 of 12 mice died across two independent experiments, and we have previously reported the safety of these drugs as monotherapies (16) . But across 10 independent experiments, 46 of 82 (56%) mice treated with anti-CD40 followed by Gem died, compared with 0 of 22 mice after Gem/anti-CD40 in 4 experiments and 0 of 14 mice after IgG2a/PBS in 3 experiments.
To determine whether the presence of a growing tumor was required for lethal sensitivity to anti-CD40/Gem therapy, we treated tumor-free C57BL/6 mice with anti-CD40/Gem; survival rates were similar to those observed in anti-CD40/Gem mice bearing established tumors ( Fig. 2A) , and across 6 experiments, 11 of 34 (32.2%) tumor-free mice died after anti-CD40/Gem treatment. To investigate the potential for dose-mediated lethality after anti-CD40/Gem treatment, we increased the amount of anti-CD40 administered to mice from 100 to 300 mg but found that survival rates were similar in mice regardless of the amount of anti-CD40 received before Gem administration (Fig. 2B ). Across 15 experiments, with both tumor-bearing and tumor-free mice, 56 of 124 (45.2%) mice treated with 300 mg anti-CD40 followed by Gem died, compared with 57 of 98 (58.1%) mice treated with 100 mg anti-CD40 followed by Gem (data not shown). We did not test lower doses of anti-CD40 in these experiments because we have previously observed that lower doses fail to demonstrate a pharmacodynamic effect.
Given that both mice and patients can be successfully treated with Gem 5 d after anti-CD40 as part of a combination therapeutic schema (16), we next investigated the time frame in which Gem administration after anti-CD40 treatment is lethal. Although the administration of Gem 2 d after anti-CD40 is toxic in 56% of treated mice (Fig. 1 ), Gem administration 3 or 4 d after anti-CD40 was not lethal to mice (Fig. 2C ). Furthermore, when substituting nP (Abraxane), a different chemotherapy but also Food and Drug Administration approved for PDA, the combination was also toxic when nP was administered within 2 d after anti-CD40 and remained lethal even on day 3 (Fig. 2D ). Hence there is a temporal window after anti-CD40 administration when treatment with chemotherapy significantly reduces the survival of treated mice.
Agonistic CD40 stimulation combined with chemotherapy drives hepatotoxicity
Given that a subset of mice were dying 2 d after completing anti-CD40/Gem therapy, cohorts of mice were sacrificed 48 h after the completion of treatment to investigate causality. Pathologic lesions were grossly observed in liver parenchyma and on the capsule of anti-CD40/Gem-treated mice that were not present in the livers of Gem/anti-CD40-treated mice (Fig. 3A , lesions indicated by arrow). No other pathological findings were noted on gross inspection. The number of lesions observed per lobe of liver using H&E staining was significantly higher in mice treated with anti-CD40/Gem (mean 2.9 6 0.6) as compared with mice with Gem/ anti-CD40 (mean 0.2 6 0.2, p , 0.01) (Fig. 3B) . Microscopically, livers from both anti-CD40/Gem-and Gem/anti-CD40-treated mice exhibited coagulative hepatocellular necrosis compared with IgG2a/PBS control-treated mice, primarily surrounding veins (both central and portal) and frequently associated with occlusive to partially occlusive fibrin thrombi (Fig. 3C ). These findings are consistent with infarcts, with the likely cause of death in anti-CD40/ Gem-treated mice being multiple hepatic infarcts. However, moderate-to-severe multifocal granulomatous and neutrophilic infiltrates were observed in all mice treated with anti-CD40/Gem (14/14), whereas only 2 of 5 mice treated with Gem/anti-CD40 were found to have minimal to mild granulomatous and neutrophilic infiltrates. Assessment of both the spleen and the lung at the same time point revealed no macroscopic lesions at the time of sacrifice, and upon histopathological examination, no evidence of necrosis within the tissues, although three of five mice treated with anti-CD40/Gem were observed to have minimal multifocal lymphohistiocytic perivascular infiltrates in the lung. In addition, 3 of 20 mice treated with anti-CD40 6 Gem presented with capillary fibrin thrombi in the lung, associated with the systemic hypercoagulable state observed in the liver tissue.
To quantify further the magnitude of hepatotoxicity after anti-CD40/Gem therapy, we determined serum levels of ALT and AST 12 h after the completion of treatment in all cohorts of mice. Both ALT and AST levels were significantly increased (628.7 6 267.4 and 918.7 6 391 U/l, respectively) in mice receiving anti-CD40/Gem compared with Gem/anti-CD40 (140 6 4.4 and 133.7 6 10.2 U/l) or vehicle controls (136 6 11.9 and 102.3 6 19.9 U/l) ( Fig. 3D) , revealing that the administration of anti-CD40 followed by Gem results in rapid and significant liver damage in mice.
CD40 stimulation increases activated myeloid populations in the liver
Given the hepatotoxicity caused by anti-CD40/Gem and that anti-CD40 stimulates APCs, including dendritic cells and macrophages (16) , we hypothesized that anti-CD40 was activating APCs within the liver compartment. Indeed, 24 h after anti-CD40, the overall proportion of total CD11b + myeloid cells in the liver was significantly increased to 36.4%, as was the frequency of CD11b + Gr1 + neutrophils/myeloid-derived suppressor cells (MDSCs) (21.6%), compared with IgG2a/PBS vehicle control treatment (from 6.2% myeloid cells and 1.4% MDSCs, respectively) (Fig. 4A, top and middle panels). Conversely, the total frequency of F4/80 + macrophages was significantly decreased in the livers of mice treated with anti-CD40: 9.8 versus 17.5% in control-treated mice (Fig. 4A, bottom panel) .
The proportion of activated CD86 + MHCII + CD11b + cells was significantly increased in the livers of anti-CD40-treated mice (mean 18.9 versus 8.9% in control-treated mice), as were the frequencies of activated MDSCs, although to a lesser extent (mean 13.8 versus 9.3% in control-treated mice) (Fig. 4B, top and middle panels). Although the frequency of the total macrophage population was reduced, the frequency of activated macrophages, as measured by the proportion of CD86 + MHCII + F4/80 + cells, was significantly increased after anti-CD40 (mean 65.9 versus 1.4% in control-treated mice) (Fig. 4B, bottom panel) . In addition, even though nearly 70% of F4/80 + macrophages were CD40 + , stimulation with anti-CD40 further increased CD40 + expression (mean 85.5 versus 65.9% in control-treated mice, mean fluorescence intensity 2795 6 321 in anti-CD40-treated mice versus 1345 6 258 in control-treated mice). In comparison, activated myeloid cells and MDSCs exhibited no significant alterations in the proportion of CD40 + cells after anti-CD40 treatment (Fig. 4C ). Furthermore, the expression of CD40 on CD45 2 cells, including hepatocytes and vascular endothelial cells known to express CD40 (27) (28) (29) , was not increased after anti-CD40 therapy (Fig. 4D) . The changes in the hepatic myeloid subsets were observed only within the relative frequencies of cells, because the absolute cell numbers per gram of liver were not significantly different across groups (Supplemental Fig. 1 ), potentially because of alterations in the frequencies of other (nonmyeloid) leukocyte subsets. Furthermore, treatment with anti-CD40 resulted in splenomegaly regardless of the timing of Gem administration (Supplemental Fig. 2A, 2B) , associated with moderate-to-severe white pulp hyperplasia as a result of systemic immune activation ( Supplemental Fig. 2C ). The total splenic myeloid cell population per gram of tissue was significantly reduced after anti-CD40 therapy, as well as both monocytic (Mo-) and granulocytic (G-) MDSCs in mice treated with anti-CD40/Gem (Supplemental Fig. 2D, 2E) . A slight increase in the proportion of CD40 + Mo-MDSCs was observed in the lungs of anti-CD40/Gem-treated mice compared with vehicle control-treated mice, but no other obvious alterations in myeloid cell subsets were observed (Supplemental Fig. 3 ). Thus, anti-CD40 therapy primarily alters the hepatic myeloid cell compartment and significantly increases the frequency of activated, mature macrophages within the liver after treatment. Fig. 1 , except that tumor-bearing mice received either 100 or 300 mg anti-CD40 on day 11 as indicated, followed by Gem on day 13. Survival representative of two experiments, n = 5 mice/group. (C) Mice were treated as described in Fig. 1 , except that Gem was administered 3 or 4 d after anti-CD40, as indicated. Survival curve representative of two experiments, n = 3-5 mice/group. (D) Mice were treated as described in Fig. 1 , except that mice received nP instead of Gem on 2, 3, or 4 d, as indicated, after anti-CD40 treatment, n = 3 mice/group. Each symbol represents a group of mice. Statistical analyses by Kaplan-Meier (*p , 0.05).
Blockade of macrophage activation abrogates lethality of CD40/chemotherapy combination
To ascertain a role of activated macrophages in mediating liver damage, we administered CSF-1 and CSF-1R mAbs to mice bearing established tumors starting on day 7. After treatment with anti-CD40 on day 13, followed by Gem on day 15, 10 of 10 mice survived (Fig. 5A ). Using CSF-1R mAb alone also protected mice from anti-CD40/Gem lethality (9/9 survived), whereas only 2 of 10 survived without anti-CSF-1 and/or anti-CSF-1R (Fig. 5A) . Furthermore, the addition of anti-CSF-1/1R in combination with anti-CD40/Gem maintained the reduced tumor growth rate observed in mice that survived anti-CD40/Gem therapy (Figs. 1A,   5B ). Thus, blockade of CSF-1/1R nullifies the lethality mediated by anti-CD40/Gem treatment.
To determine whether the hepatotoxicity observed after anti-CD40/Gem was alleviated with the addition of anti-CSF-1R, we sacrificed mice 2 d after Gem administration. No macroscopic lesions were observed in mice treated with anti-CD40/Gem and anti-CSF-1R, and the frequency of necrotic lesions in the liver was significantly reduced compared with mice receiving anti-CD40/Gem (Fig. 5C ). Upon histological examination, five of five livers from mice treated with anti-CD40/Gem exhibited severe multifocal to coalescing coagulative to lytic hepatocellular necrosis, whereas only one of four livers from mice treated with anti-CD40/Gem and anti-CSF-1R exhibited moderate multifocal acute coagulative hepatocellular necrosis (with two of four mild and one of four minimal). Furthermore, the livers from anti-CD40/Gemtreated mice had widely dispersed hepatocyte necrosis, which was individualized and had indistinct margins, compared with livers from anti-CD40/Gem + anti-CSF-1R-treated mice, for which the coagulative necrosis was observed in confluent areas with clear distinction between normal and necrotic hepatocytes. No necrotic foci were noted in the spleen of mice treated with anti-CD40/ Gem 6 anti-CSF-1R, despite an increase in spleen weight with anti-CSF-1R alone (Supplemental Fig. 4A ). Thus, blocking CSF-1R abrogates many of the hepatotoxic histopathological effects observed with anti-CD40/Gem treatment.
To determine the cell populations targeted by anti-CSF-1R mAbs, and mediating the hepatotoxicity of anti-CD40/Gem, we performed flow cytometry on livers 24 h after anti-CD40 treatment. A significant reduction in the frequencies of activated macrophages was observed in the livers of mice treated with CD40 and CSF-1/1R mAb (Fig. 5D, 5E ). The proportions of both CD40 + F4/80 + macrophages and CD86 + MHCII + F4/80 + macrophages were increased with anti-CD40 and reduced to frequencies similar to IgG2a-treated mice with the addition of anti-CSF-1/1R mAbs (Fig. 5D, 5E, respectively) . Despite previous studies reporting a major role of MDSCs in mediating CD40 hepatotoxicity in the absence of chemotherapy (30) , the proportion of MDSCs in the livers of anti-CD40-treated mice receiving anti-CSF-1/1R were not altered (Fig. 5F ), in agreement with increased CSF-1R expression on macrophages, but not MDSC subsets, in the livers of anti-CD40/Gem-treated mice (Supplemental Fig.   4B ). Nevertheless, the frequency of F4/80 + CD11b + Gr1 + cells was significantly reduced after treatment with anti-CD40/Gem 6 anti-CSF-1R ( Supplemental Fig. 4C) . The frequency and total number of both Mo-and G-MDSC subsets per gram of liver in mice treated with anti-CD40/Gem were not significantly altered with the addition of anti-CSF-1R (Supplemental Fig. 4D, 4E ). Furthermore, the proportion of CD40 + CD45 2 cells, including hepatocytes, was also not significantly altered after anti-CD40/ Gem and anti-CSF-1R treatment (Fig. 5G) . Instead, these data reveal that activated macrophages mediate liver damage after anti-CD40/Gem administration, and inhibiting macrophage activation via CSF-1R blockade abrogated liver toxicity and significantly inhibited tumor growth and enhanced overall survival.
Discussion
The success of immunotherapies in tumors replete with T cell infiltration is in stark contrast with the failure of the same treatments in T cell-poor tumors such as PDA. Anti-CD40 is capable of converting immunotherapy-resistant tumors susceptible to T cell infiltration and destruction, but the requirement of concomitant therapies, such as chemotherapy, is poorly understood. In this study, in a mouse model of PDA, we show that anti-CD40 therapy can inhibit tumor growth but causes significant and lethal hepatotoxicity when administered 48 h in advance of (instead of after) Gem, regardless of the tumor-bearing status of the mouse. Anti-CD40 treatment significantly increased the proportion of activated macrophages within the liver, and blockade of macrophage activation using anti-CSF-1/1R mAbs abrogated the lethality of anti-CD40/Gem treatment without reducing the antitumor efficacy of the combination treatment. The data presented in this article highlight at once the potency of anti-CD40 therapy to activate both innate and adaptive immunity and also important pharmacological limitations with regard to sequencing with chemotherapy. These studies have implications for the design of upcoming clinical trials investigating anti-CD40-chemotherapy combinations in cancer.
CD40 Ab has been administered to patients in a number of clinical trials with minimal adverse events (31) (32) (33) (34) , but the murine studies herein reveal a previously unrecognized temporal window after anti-CD40 administration during which chemotherapy should not be administered. We have found that separating anti-CD40 and subsequent Gem administration by 5 d is safe in both mouse models and patients with PDA (16) . However, administration of Gem or nP only 2 or 3 d after anti-CD40 resulted in significant and lethal hepatotoxicity, and was likely the cause of treatment-related deaths in mice after repeated doses of Gem and anti-CD40 in overlapping treatment schedules (17) . This finding is despite the fact that Gem therapy rarely results in liver damage in patients with PDA (35) , non-small cell lung cancer (36) , or other tumor types (37) , and that anti-CD40 therapy as a single agent has been reported to drive only mild, transient, and nonlethal hepatotoxicity in mice (30, 38) and humans (34) . However, anti-CD40 combined with IL-2 has also been reported to result in lethal hepatotoxicity in tumor-bearing mice (39, 40) , indicating that the potency of anti-CD40 needs to be considered in all combinatorial treatments, not only those with chemotherapy. These studies highlight the need for understanding the context and timing of combination therapies for the safe use of anti-CD40. Our data support the need for careful sequential administration of anti-CD40 after, not before, chemotherapy, in the absence of macrophage modulation. This finding is important because the stroma depletion caused by anti-CD40 alone (16) might have otherwise been considered a useful first maneuver to improve the delivery of increased concentrations of chemotherapy to highly desmoplastic tumors, thereby overcoming chemotherapy resistance in PDA.
Mechanistic studies to determine the cells mediating hepatotoxicity after anti-CD40/Gem revealed a role for activated macrophages, similar to what has been shown in hepatotoxicity observed after anti-CD40/IL-2 in aged or obese mice (39, 40) . Although MDSCs were increased in the liver after anti-CD40, the frequency of MDSCs was unaltered after anti-CSF-1/1R therapy, even though hepatotoxicity was resolved. We also found no significant alterations after anti-CSF-1/1R therapy within the CD45 2 cellular compartment, which includes hepatocytes and vascular endothelial cells, despite previous reports that CD40-ligand stimulation of hepatocytes promotes the upregulation of CD40 by the hepatocytes and exacerbation of fulminant hepatitis in a FasL-dependent manner (28, 29) . The high frequency of occlusive hepatic infarcts in anti-CD40/Gem-treated mice is consistent with the significant role for CD40 in two mouse models of thrombosis (41) in which macrophages are strongly activated, similar to anti-CD40 treatment. In anti-CD40/Gem-treated mice, liver damage is CSF-1R dependent and can be alleviated via blockade of macrophage activation using anti-CSF-1/1R mAbs.
The fact that blunted macrophage activation did not alter the antitumor efficacy in anti-CD40/Gem-treated mice is in contrast with our previous work identifying a major role for anti-CD40induced tumoricidal macrophages in mediating tumor regressions of spontaneous PDA tumors in KPC mice (16) . Although macrophages mediated anti-CD40-induced antitumor immunity as a single agent, in the absence of Gem, T cell immunity did not develop with this treatment (16) . However, T cell immunity against PDA is generated when anti-CD40 is administered subsequent to Gem (22) , and is further potentiated by the addition of nP, as well as anti-PD-1/ anti-CTLA-4 (21) . Thus, the approach in which anti-CD40 therapy is used can significantly alter the dominant mechanism of antitumor immune activation, switching between innate and adaptive immune-mediated tumor regressions depending on the presence or absence of chemotherapy. Although reversing the treatment schedule by providing anti-CD40 before Gem successfully increased the activity of innate immune cells during treatment, the activated macrophages mediated liver damage. Blocking macrophage activation via anti-CSF-1/1R mAbs prevented lethal hepatotoxicity without further enhancement (or reduction) of antitumor immunity. Indeed, in the absence of anti-CD40 treatment, anti-CSF-1/1R mAbs have been shown to contribute to the reprogramming of macrophages in the PDA tumor microenvironment rendering the tumor sensitive to immune checkpoint blockade therapies (26) . Thus, anti-CD40/Gem with anti-CSF-1/1R and anti-PD-1/anti-CTLA-4 may be a highly effective therapy that can be investigated in future studies.
The important opportunity for using immunotherapies for patients with cancer is clear, and identifying treatments that can generate effective T cell responses in cancers currently resistant to newly approved immune interventions is of high priority. Our studies in this article build upon the identification of anti-CD40 as a potent activator of antitumor immunity in both preclinical and clinical studies. However, our finding that anti-CD40 can be hepatotoxic and lethal when administered in advance of chemotherapy reveals the need to continue investigating anti-CD40 combinations in preclinical studies. These data provide key information to design safe anti-CD40 clinical trials, maintaining the ability to harness the potential of anti-CD40 in cancer therapies whereas minimizing potential toxicity.
